Waldenström macroglobulinemia (WM), an incurable B-cell malignancy, is sensitive to Bruton tyrosine kinase (BTK) inhibition with ibrutinib, a first-generation BTK inhibitor. Off-target effects of ibrutinib against TEC-and EGFR-family kinases are implicated in some adverse events. and CXCR4 WT disease. Zanubrutinib, a next-generation BTK inhibitor with potent preclinical activity in WM and minimal off-target effects, showed sustained BTK occupancy in peripheral blood mononuclear cells from patients with B-cell malignancies and promising responses in advanced WM. Described here is a head-to-head Phase III study comparing efficacy and safety of zanubrutinib and ibrutinib in WM patients. Effect of MYD88 and CXCR4 mutation status will be assessed.
Introduction to the trial
Here we describe an ongoing, head-to-head Phase III study of zanubrutinib (BGB-3111) versus ibrutinib in patients with MYD88
MUT Waldenström macroglobulinemia (WM, including an exploratory analysis of zanubrutinib in patients with MYD88 WT ), assessing the rate of complete response (CR) or very good partial response (VGPR) based on independent review, according to an adaptation of the Sixth International Workshop on WM (IWWM) criteria (Clinicaltrials.gov identifier NCT03053440).
Background & rationale
Waldenström macroglobulinemia WM is a rare lymphoproliferative disorder characterized by bone marrow (BM) infiltration with monoclonal IgMsecreting lymphoplasmacytic cells [1] . Incidence of WM is estimated at 3.8 cases per million and increases with advancing age [2, 3] . Median age at diagnosis is 73 years, with Caucasians and men at higher risk for WM than other races and women, respectively [3] . Approximately 1000-1500 new patients are diagnosed in the USA each year [4] .
Hemoglobin levels, BM infiltration, serum monoclonal spike and β 2 -microglobulin levels are significant predictors of need for therapy [2] . Physical manifestations of the disorder include hepatomegaly, splenomegaly and lymphadenopathy, with fatigue related to normocytic anemia [2] . Per the IWWM-7 consensus criteria, indication for treatment may be either clinically or laboratory-based, with therapeutic strategy determined by individual patient and disease characteristics, including age, comorbidities, renal function and disease phenotype, as well as eligibility for stem cell transplant and other complications [5] .
More than 90% of WM patients have a recurrent somatic activating mutation of MYD88 L265P that triggers downstream IL-1 receptor-associated kinase-mediated NF-κB signaling and supports WM cell survival [6, 7] , whereas the WHIM-like mutation of CXCR4 WHIM (in approximately 30% of patients) is associated with tumor progression and drug resistance [8, 9] . Patients with both MYD88 L265P and CXCR4 WHIM mutations have significantly higher BM disease involvement, higher serum IgM levels and symptomatic disease that requires therapy [10, 11] . However, CXCR4 mutation status does not appear to affect mortality rates, at least in the context of conventional rituximabcontaining therapies. Patients with MYD88 WT , however, have significantly higher risk for death than those with MYD88 L265P [10, 11] .
Current therapies for WM
Until the recent approval of ibrutinib for WM, chemotherapy in combination with rituximab were the predominant choices for first-line therapy [2] . There is no consensus on a standard of care for the treatment of newly diagnosed WM patients. The current Mayo Clinic-preferred regimen for newly diagnosed WM is rituximab plus bendamustine or dexamethasone, rituximab and cyclophosphamide when disease burden is low [12] . Likewise, the National Comprehensive Cancer Network (NCCN) Guidelines for WM and lymphoplasmacytic lymphoma lists rituximab-based therapies and ibrutinib monotherapy among several regimens for first-and later-line therapies [13] . Proteasome inhibitor-based therapies are emerging as a treatment option for WM. Carfilzomib, a neuropathysparing proteasome inhibitor, is currently indicated in the USA for off-label treatment of WM, and the NCCN lists carfilzomib-based regimens as treatment options for this disease [14] . Despite generally favorable responses with current therapies, WM is incurable, and relapse is almost inevitable [15] .
Bruton tyrosine kinase inhibition as a therapeutic strategy for WM Bruton tyrosine kinase (BTK), a critical signaling component of the B-cell receptor pathway, is constitutively activated in WM and a key mediator in tumor cell survival [7, 11, 16] . Inhibition of BTK has emerged as a promising strategy for targeting B-cell malignancies, including WM, particularly in patients harboring the MYD88 L265P mutation [17] . Ibrutinib is a first-generation BTK inhibitor approved by the US FDA for use in any line of therapy for WM and by the EMA for the treatment of WM in adult patients who have received at least one prior therapy, or in first line treatment for patients unsuitable for chemoimmunotherapy [18, 19] .
In clinical studies of previously treated WM, ibrutinib demonstrated an overall response rate (ORR) of 90.5%, a major response rate (MRR) of 73% (including 16% VGPR), 2-year progression-free survival (PFS) and overall survival (OS) rates of 69.1 and 95.2%, respectively, and a 3-year event-free survival rate of 68% [20, 21] . In rituximab-refractory WM, ORR was 90%, and MRR was 71%; estimated 18-month PFS and OS were 86 and 97%, respectively [22] . The most common adverse events (AEs) reported with ibrutinib were neutropenia and thrombocytopenia, with diarrhea, bleeding, hypertension and atrial fibrillation as common nonhematologic toxicities [21, 23] .
Analyses of ibrutinib-treated patients by CXCR4/MYD88 mutation status have shown an association of CXCR4 WHIM MYD88 L265P mutations with relative resistance to ibrutinib, manifested by lower response rates, slower response kinetics and shorter PFS [9] . Response rates and survival outcomes are poor in MYD88
WT patients [9] . The NCCN consequently updated their recommendation for ibrutinib in WM, noting the lower ORR and absence of major responses with ibrutinib in patients with MYD88
WT [13] . In addition to the association of mutational status with resistance to therapy, ibrutinib has several off-target effects, including inhibition of other tyrosine kinases, such as EGFR, ITK, TEC and HCK, an important survival determinant in WM that is activated by mutated MYD88 [24] . These effects have been implicated in the development of bleeding, rash, diarrhea and atrial fibrillation in ibrutinib-treated patients [24, 25] . As such, other BTK inhibitors with more specificity for BTK are currently being explored and developed [25] .
Zanubrutinib
Zanubrutinib is a next-generation small-molecule oral BTK inhibitor that, like ibrutinib, forms an irreversible covalent bond at Cys481 in the adenosine triphosphate-binding pocket of the BTK active site. It is a potent BTK inhibitor with greater selectivity for BTK than ibrutinib, with minimal off-target inhibition of TEC-and EGFR-family kinases in in vitro cell-based assays [26, 27] . In Phase I testing, drug exposure in zanubrutinib-treated patients was approximately eight-times higher than those reported for ibrutinib-treated patients [27, 28] . Complete and continuous BTK occupancy by zanubrutinib has been observed in peripheral blood mononuclear cells, as well as in nodal lymphocytes of patients with advanced B-cell malignancies [27] .
Initial results from an ongoing first in human Phase I trial (AU-003) presented at the 14th International Conference on Malignant Lymphoma demonstrated encouraging clinical activity for zanubrutinib in 42 patients with WM (33 with relapsed/refractory disease and nine treatment-naive), with an ORR of 90% and an MRR of 76% (including 43% VGPR) [29] . All four patients with both the CXCR4 WHIM and MYD88 L265P mutations responded to zanubrutinib, with one patient having a VGPR. Of the five patients who had MYD88 WT disease, four responded to zanubrutinib, including one VGPR. Response depth improved over time, and no patients had progressed after a median of 12.3 months of treatment. Preliminary safety data did not show any unanticipated safety signals based on the known profile of BTK inhibition in WM. The recommended Phase II dose was established at 160 mg twice daily [29] . The high VGPR rate suggested that high drug exposure and inhibition of BTK in tissue sites may improve therapeutic efficacy in WM.
Design
This Phase III, randomized, open-label, multicenter study will compare the efficacy and safety of zanubrutinib and ibrutinib in patients with WM who require therapy according to the consensus panel criteria from IWWM-7 [5] . The primary objective of the study is to demonstrate the superiority of zanubrutinib versus ibrutinib, as measured by the proportion of patients achieving a CR or VGPR. The study population will consist of two cohorts, based on MYD88 sequencing of baseline BM samples at a central laboratory. Cohort 1 will include at least 150 relapsed/refractory patients and approximately 38 treatment-naive patients with MYD88
MUT (mutations in exon 5 of the MYD88 gene, including the L265P mutation), randomized 1:1 to either zanubrutinib or ibrutinib. Cohort 2 will consist of treatment-naive or relapsed/refractory patients with MYD88
WT receiving zanubrutinib in a third, nonrandomized arm to evaluate efficacy among patients lacking a known ibrutinib-sensitive MYD88 variant. The study schema is presented in Figure 1 . The study opened to accrual in January 2017 and is recruiting patients from approximately 80 sites in the European Union, Asia-Pacific and North America.
Patients will be stratified by CXCR4 mutational status (CXCR4 WHIM vs CXCR4 WT ) and number of prior lines of therapy (0 vs 1-3 vs >3).
Key eligibility criteria
Eligible patients must be aged ≥ 18 years, be able to provide written informed consent and have a clinical and definitive histologic diagnosis of WM that is either relapsed/refractory disease or treatment-naive. Patients who are treatment-naive must be considered by the treating physician to be unsuitable for standard chemoimmunotherapy regimens based on the patient's comorbidities and risk factors. At least one criterion for treatment according to the IWWM-7 consensus criteria must be met. All patients should have measurable disease, defined by serum IgM level > 0.5 g/dl, Eastern Cooperative Oncology Group performance status of 0-2, adequate BM function (neutrophils ≥ 0.75 × 10 9 /l and platelets ≥ 50 × 10 9 /l independent of growth factor support [and transfusion for platelets] within 7 days of study entry), creatinine clearance ≥ 30 ml/min (by Cockcroft-Gault equation or estimated glomerular filtration rate), AST and ALT ≤ 3 × upper limit of normal and bilirubin ≤ 2 × upper limit of normal. Relapse after stem cell transplant must be ≥3 months for autologous hematopoietic stem cell transplantation and ≥6 months for allogeneic stem cell transplant.
Exclusion criteria include prior exposure to other BTK inhibitors; currently active, clinically significant cardiovascular disease (e.g., uncontrolled arrhythmia, congestive heart failure, any class 3/4 cardiac disease, as defined by the New York Heart Association); QTcF prolongation (>480 ms); major surgery within 4 weeks; central nervous system involvement by WM; and concomitant warfarin, vitamin K antagonist or medications that are strong cytochrome P450, cytochrome P450 3A inhibitors or inducers.
Study procedures
Patients will be divided into two cohorts according to results of MYD88 sequencing performed by a central laboratory at screening. Sequencing of MYD88 will be done using a highly-sensitive modified allele-specific PCR assay (NeoGenomics, CA, USA) followed by Sanger sequencing [30] . Mutational status of CXCR4 will be determined using bidirectional sequencing of the C-terminus to identify mutations associated with WHIM syndrome [31] .
Patients with MYD88
MUT (cohort 1) will be randomized to receive zanubrutinib (arm A) or ibrutinib (arm B). Patients with MYD88 WT (cohort 2) will be assigned to receive zanubrutinib (arm C). Zanubrutinib will be administered at 160 mg (80 mg × 2 capsules) by mouth twice daily (with interval of ≥8 h). Ibrutinib will be administered at 420 mg (140 mg × 3 capsules) administered by mouth once daily until disease progression or nontolerable toxicity. Treatment will be administered at approximately the same time each day. Each treatment cycle consists of 28 days.
In the event of hematologic or nonhematologic toxicities suspected to be related to treatment, doses may be held for a maximum of two consecutive cycles. Dose reductions because of toxicities will consist of two steps: zanubrutinib dose may be reduced from the starting dose of 160 mg twice daily to 80 mg twice daily, then 80 mg once daily; ibrutinib dose may be reduced from a starting dose of 420 mg once daily to 280 mg once daily, then 140 mg once daily.
Outcome measures
Primary and secondary end points apply to cohort 1 only. The primary end point is the proportion of patients achieving either CR or VGPR, as determined by the Independent Review Committee (IRC), using an adaptation of the response criteria updated at the Sixth IWWM [32] and NCCN guidelines [13] for lymphoplasmacytic lymphoma and WM, requiring a decrease in extramedullary disease if present at baseline to achieve a VGPR or PR ( Table 1) . The primary efficacy analysis will be conducted 12 months after the last patient is randomized. Response assessments will be made at the beginning of every 4-week cycle starting cycle 2 day 1 for the first 48 weeks, then every three cycles thereafter until disease progression.
Secondary efficacy end points include MRR by IRC, defined as the proportion of patients achieving CR, VGPR or PR; duration of response (DOR; as assessed by IRC and by Investigator) for CR, VGPR and PR; PFS (by IRC and by investigator); resolution of treatment-precipitating symptoms; and antilymphoma effect. For patients who discontinue for reasons other than disease progression, efficacy evaluations will continue until disease progression.
Secondary safety end points include the incidence, timing and severity of treatment-emergent AEs according to the Common Terminology Criteria for Adverse Events version 4.03, and the incidence of AEs of special interest including grade ≥ 3 diarrhea, severe bleeding (Common Terminology Criteria for Adverse Events version 4.03 grade ≥ 3 bleeding of any site or central nervous system bleeding of any grade), any-grade new-onset atrial fibrillation, any-grade pneumonitis and any treatment-emergent AE leading to study drug discontinuation. All patients will be followed for AEs until 30 days after the last dose of study drug. All treatment-related AEs and serious AEs will be followed until resolution or stabilization. Cohort 1 patients will be evaluated for impact of CXCR4 mutation status on MRR, time-to-major response, PFS and OS. Quality of life assessments, based on the European Organisation for Research and Treatment of Cancer QoL Questionnaire-C30 and EuroQoL Group-5D questionnaire, will be administered every 12 weeks for the first 48 weeks, then every 24 weeks thereafter [33] . Exploratory end points for cohort 2 only include efficacy (response rates, OS, PFS and DOR) and safety of zanubrutinib in patients with MYD88
WT WM. Zanubrutinib pharmacokinetics will also be evaluated in patients receiving zanubrutinib (cohort 1 arm A and cohort 2). For patients who fail to respond or manifest disease relapse, mechanisms of disease resistance will be explored by correlating potential resistance biomarkers from paired biopsy specimens with efficacy outcomes.
Statistics
All inferential statistics described below refer to efficacy comparisons between treatment arms in cohort 1. Separate descriptive statistics will be used to report efficacy and safety of zanubrutinib in cohort 2.
Analysis set
The intention-to-treat population will include all enrolled patients who are assigned to a treatment arm and will be the primary population for analysis of response rate, PFS, DOR and OS. The safety population will include all patients who receive any dose of zanubrutinib or ibrutinib and will be used for all safety analyses. The per-protocol population will include patients who receive any dose of study medication with no major protocol deviations and will be the secondary analysis population for efficacy. The pharmacokinetics population will include all patients for whom valid zanubrutinib pharmacokinetic parameters can be estimated.
Sample size
Approximately 210 patients will be enrolled: 188 patients with MYD88
MUT WM (150 relapsed/refractory and 38 treatment-naive) in cohort 1, randomized 1:1 to either arm A or arm B, and approximately 20-25 MYD88 WT patients (15-20 with relapsed/refractory and 5 treatment-naive) in cohort 2, assigned to arm C. Patients with no prior therapy will comprise no more than 20%, and those that have relapsed or refractory WM will comprise 80% or more of the study population.
Analysis methods
The primary end point of CR and VGPR will be assessed by an IRC based on the best overall response, defined as the best response recorded from the cohort assignment date until either data cut-off date or the start of a new antineoplastic treatment. A Cochran-Mantel-Haenszel test of rate difference will be used to test the hypothesis after adjusting for stratification factors. The primary efficacy analysis will be conducted 12 months after the cohort assignment of the last patient.
The secondary efficacy end point of MRR will be analyzed similarly to the primary analysis. For other secondary and exploratory efficacy end points, PFS, OS and DOR will be estimated by Kaplan-Meier method, using the stratified log-rank test to determine differences between treatment arms, and Cox regression will be used to estimate the hazard ratios. Changes in extramedullary disease will be compared using an analysis of variance model, with treatment arm as the group variable. Percentages of patients with decreased lymphoplasmacytoid lymphocytes or with resolution/reduction of pretreatment lymphadenopathy or hepatosplenomegaly as verified by computed tomographic scan will be compared using the Fisher's Exact test.
Conclusion
Despite recent progress in understanding the pathophysiology of WM and the development of new therapeutic approaches, WM remains an incurable disease with significant morbidity. Relapse requiring further treatment is inevitable for many patients.
BTK inhibition represents an effective therapeutic strategy for management of WM, with the first-generation BTK inhibitor ibrutinib demonstrating activity and now being approved for all lines of therapy. However, treatmentspecific toxicity and the emergence of ibrutinib resistance have led to the development of next-generation BTK inhibitors, including tirabrutinib (ONO/GS-4059) and acalabrutinib (ACP-196) [25] . Although clinical data in patients with WM are limited, both tirabrutinib and acalabrutinib have demonstrated activity and favorable toxicity profiles in early-phase studies of patients with relapsed/refractory B-cell malignancies [34, 35] . The efficacy of acalabrutinib in previously treated WM patients is currently being investigated in a Phase Ib/II study [36] . Zanubrutinib, a next-generation BTK inhibitor designed to have greater potency and improved selectivity and specificity relative to ibrutinib, has the potential to further improve outcomes in patients with WM. This head-tohead Phase III trial is designed both to compare the safety and efficacy of zanubrutinib with those of ibrutinib and to evaluate the effects of CXCR4 and MYD88 mutations on outcomes. Results of the study will help to address the importance of targeted specificity against BTK and the role of off-target effects in the treatment of WM.
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Zanubrutinib
• Zanubrutinib is a highly potent, next-generation small-molecule oral BTK inhibitor that has greater selectivity for BTK than ibrutinib, with minimal off-target inhibition of TEC-and EGFR-family kinases in in vitro cell-based assays.
• Initial results from an ongoing Phase I trial suggested encouraging clinical activity with zanubrutinib in patients with WM, demonstrating an overall response rate of 90%, and a major response rate of 76%.
Phase III trial
• This is a head-to-head Phase III, randomized, open-label, multicenter study comparing efficacy and safety of zanubrutinib to those of ibrutinib in patients with WM.
• Patients enrolled must have WM that is either relapsed/refractory disease or treatment-naive (treatment-naive must be considered unsuitable for standard chemoimmunotherapy regimens).
• The study population will consist of two cohorts: patients with any MYD88 mutation, randomized 1:1 to either zanubrutinib or ibrutinib (cohort 1); and patients with MYD88 WT receiving zanubrutinib (cohort 2).
• Patients will be stratified by CXCR4 mutational status (CXCR4 WHIM vs CXCR4 WT ) and number of prior lines of therapy (0 vs 1-3 vs >3).
• Zanubrutinib will be administered at 160 mg orally twice daily. Ibrutinib will be administered at 420 mg administered orally once daily until progression or nontolerable toxicity.
• Starting on day 1 of cycle 2, response assessments will be made at the beginning of every 4-week cycle for first 48 weeks, then every three cycles thereafter until disease progression. Objectives • The primary objective of this study is to compare the efficacy of zanubrutinib versus ibrutinib in patients with MYD88 MUT WM.
• Secondary objectives are to further compare efficacy, clinical benefit and antilymphoma effects and to evaluate safety and tolerability of zanubrutinib versus ibrutinib in patients with MYD88 MUT WM.
• The primary end point is the proportion of patients in cohort 1 achieving either complete response or very good partial response determined by the Independent Review Committee.
• Secondary end points include adverse events, major response rate, duration of response, progression-free survival, resolution of treatment-precipitating symptoms and antilymphoma effect.
• Exploratory end points include quality of life, safety and efficacy of zanubrutinib in cohort 2 patients (with MYD88 WT ) and zanubrutinib pharmacokinetics in patients receiving zanubrutinib.
• Cohort 1 patients will be evaluated for impact of CXCR4 mutation status on efficacy end points. Statistics • The primary end point of complete response and very good partial response in cohort 1 will be compared using a Cochran-Mantel-Haenszel test of rate difference after adjusting for stratification factors.
• The secondary efficacy end point of major response rate will be analyzed similarly to the primary analysis.
• For other secondary and exploratory efficacy end points, progression-free survival, overall survival and duration of response will be estimated by Kaplan-Meier method, using the stratified log-rank test to determine differences between treatment arms, and Cox regression will be used to estimate the hazard ratios.
Conclusion
• Zanubrutinib is a next-generation BTK inhibitor designed to have greater potency and improved selectivity and specificity than ibrutinib and has potential to improve outcomes and reduce side effects in patients with WM.
• Results of the study will help to address the importance of targeted specificity against BTK and role of off-target effects in treatment of WM.
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